In this work we study black hole area quantization in the context of gravitational wave physics. It was recently argued that black hole area quantization could be a mechanism to produce so-called echoes as well as characteristic absorption lines in gravitational wave observations of merging black holes. One can match the spontaneous decay of these quantum black holes to Hawking radiation calculations. Using some assumptions one can then estimate the natural widths of these states. As can be seen from a classical paper by Bekenstein and Mukhanov the ratio between width and spacing of non-spinning black hole states approaches a small constant, which seems to confirm the claim. However, we find that including the effect of black hole spin, the natural widths increase. To properly address any claim about astrophysical black holes one should examine the spinning case, as real black holes spin. Thus the word "spinning" is key to the question of whether or not black holes should have an observable spectrum in nature. Our results suggest that it should be possible to distinguish between any scenarios for which the answer to this question is yes. However, for all of the commonly discussed scenarios, our answer is almost certainly no.
INTRODUCTION
The quantum nature of black holes is among the most fascinating puzzles in theoretical physics. A particularly interesting hint about the nature of black holes comes from the seminal works on the thermodynamics of black holes [1] [2] [3] [4] [5] [6] [7] . As we have no generally accepted theory of quantum gravity, nor any experimental access, following up these calculations is very challenging.
On the other hand there is a growing interest in exotic compact objects (ECOs), which could potentially mimic black holes in most astrophysical situations, but have some fundamental differences. Many different models have been proposed, among them are ultra compact constant density stars [8] , gravastars [9] , and the many faces of wormholes [10, 11] . There are also proposed modifications of the physics on the horizon scale of classical black holes [12] , e.g. firewalls [13] .
One way these ECOs often differ from black holes is the appearance of so-called gravitational wave echoes [14] [15] [16] , which would appear after binary mergers and other astrophysical events in some of the scenarios. This effect on the time evolution was first reported for ultra compact, constant density stars where some or all of the incoming gravitational radiation would be reflected in such systems [17] [18] [19] . This radiation then bounces between the would-be-horizon and the potential barrier for perturbations and excites trapped quasi-normal modes. For every bounce, some part of the radiation can escape, producing repeated bursts of radiation, as seen by an external observer. The claim that tentative evidence was found in LIGO detections [20] [21] [22] triggered a lot of work in the field, see [16] and references therein. However, these claims are highly disputed [23, 24] and more precise future gravitational wave detections are required to clarify the situation. As of April 2019, the LIGO and Virgo observatories have entered the O3 observing run with increased sensitivity.
Our work was inspired by the recent claims [25, 26] that black hole area quantization, as proposed by Bekenstein and Mukhanov [27] [28] [29] 1 , leads to gravitational wave echoes. However, one might naively expect that, for astrophysical black holes, any change due to area quantization should be washed out. This is particularly the case if one expects to recover general relativity (GR) in the classical limit. Thus the prediction of echoes should only be relevant for small black holes, but not for astrophysical ones. In order to quantify this line of thought, we extend the preexisting estimates of the natural line widths [29] to the spinning case. The method matches the spontaneous decay of quantized black holes to the power output of Hawking radiation. For large, non-spinning black holes, there is an almost universal ratio of the width to the gap between neighboring states. This width is small in all proposed scenarios. This means that well isolated, non-spinning black holes are likely good reflectors, if their areas are quantized. For spinning black holes the situation is a little less clear. First of all there are more decay channels and so one would expect shorter lifetimes 2 and hence larger widths. Secondly, for large enough spins, the area actually grows via Hawking Radiation [30] . This is a consequence of superradiance and the fact that the surface gravity is small for large a, see e.g. [31] . These also provide the counter-intuitive behaviour that the power output grows with spin, even as the temperature decreases. We will see that the conclusion in the spinning case depends on the scale of the area quantization. In particular, 1 As the name suggests in the area quantization scenario the area of black holes is quantized in some unit area of the same order as the Planck area. 2 Specifically the lifetime of individual states should be shorter, not the total lifetime of the black holes.
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for the more common suggestions this leads to no observable effect, but if the quantum of area is on the larger side there will be. They should also be distinguishable where there is a detectable effect. During the preparation of this letter, another work appeared on the arxiv [32] tackling this problem from a different direction. See the discussion.
WIDTHS OF NON-SPINNING STATES
For demonstrative purposes we review the classic calculation by Bekenstein and Mukhanov in [29] we can make an estimate of the natural width of non-spinning states using various assumptions: 0. Isolated black holes can only have areas an integer multiple of some unit of area.
1. The correct definition of the energy of the black hole is just M c 2 .
2. For large black holes, the semi-classical Hawking radiation should give the correct power emitted in spontaneous decays.
3. Spontaneous decays that change the spin of the black hole by a large amount are highly suppressed. In other words, the decay of a Schwarzschild black hole should not give it a significant spin.
Assumption 0, that the area of a Schwarzschild black hole is quantized, can be written as,
Here we have the Planck length 2 p = G/c 3 and the Schwarzschild radius r s . The integer n labels the state of the black hole. The constant α is a priori not known and depends on the specific model of area quantization. The different proposals for α made in the literature range from 4 ln 2 to 32π or even larger 3 [27] [28] [29] [33] [34] [35] [36] . We now invert eq. (1) to find the mass of the n th state, M n , which gives us
So, if we say that (Assumption 1) the energy of the n state is M n c 2 , then the transition from n to n − δn has an energy
3 In principle 4 ln q for integer q > 2 is included in the literature but q < 10 has been the focus.
One can justify this by considering the relation between the Bondi mass and outgoing radiation fluxes [31] .
To be able to make any quantitative predictions, we need to know the widths of these states. To do so would usually require knowledge of how these states interact with external fields etc., in other words we would need a theory of quantum gravity. We can, however, make an estimate if we take Assumption 2, i.e. that the power output by the spontaneous decay of these states matches the power output of Hawking radiation. In this case we would have
where P H is the power emitted in Hawking radiation, E emitted is the average energy emitted in a spontaneous decay and τ is the lifetime of the state. We then apply the standard relation τ = /Γ where Γ is the energy width of the state. This gives us
where ω is the average transition frequency
with p(n → m) being the probability that the state will decay from the n state to the m state, given that a decay happens 4 . Importantly this average can never be smaller than ω n,1 , which is the minimum possible transmission frequency. Underestimating ω will overestimate Γ. Overestimating P H also overestimates Γ. So if we replace ω by ω n,1 and neglect greybody factors in P H we will only overestimate Γ. This, likely over estimate of the width, is
where
A eff = 27A/4 is based on estimates of the power in Hawking Radiation [37] , σ SB is the Stefan-Boltzmann constant and T H is the Hawking temperature of the black hole. Tidying up and expanding for large n we arrive atΓ
This shows that this estimate of the width goes to zero for large black holes (large n). Although this is in contradiction with the intuition gained from usual quantum systems, one can see that this must be the case. The result is a basic consequence of the fact that the total lifetime τ tot of a black hole, according to Hawking radiation, scales like M 3 and thus, in the case of area quantization, n 3/2 . However,
and so if Γ n were to be a constant in n then the life time would be τ tot ∝ N ∝ M 2 , so Γ n must go as 1/ √ n. We can get a feel for how large this width is by looking at the ratioΓ
Note that this approaches a constant for large black holes. The most common proposals for α are α = 4 ln(q) [27, 29, 34] , with q = 2, 3, α = 8π, or even as high as α = 32π [36] . These give ratios of around 0.2, 0.1, 10
and 10 −4 , respectively. Without broadening all of these values would thus lead to very different behavior from the classical black hole.
However, as already mentioned, spin can change the picture considerably [30] . For example, by looking at Fig. 3 of the same work one might expect that including the spin will reduce the life-time of individual states.
INCLUDING THE SPIN
The previous section was limited to the idealized case of non-rotating black holes. However, the most important astrophysical black holes, from an observational point of view are expected to have non-negligible spin. Robust estimates for binary black hole mergers, which match with the LIGO and Virgo detections [38] [39] [40] [41] [42] , predict values of very roughly a ≈ 0.7 [43] . In these cases the effect of the spin has to be taken into account and could potentially change the non-spinning result significantly. We address this issue in the following.
Along with the area, we must now also quantize the spin, as usual,
where j is a half-integer or integer. We can define the transition frequency ω for n → n − δn and j → j − δj to be
The linearized version of this can be found in [25] . From the condition
one can then find j(a) explicitly as a function of n and α. Next we use the results of Don Page [30] (removing the neutrinos), which we can then match to the rates of change of area and angular momentum. Introducing
one finds for the rate of area changė
We can then use these expressions to find the semiclassical prediction (in this case for the rate of change of the area quantum number, i.e.ṅ) and match this to the quantum version in the same way as has been done for the non-spinning case, like so,
which gives the width,
where we parameterized δn(j) with r to match the non-spinning case j = 0 for r = 1. We expect r should be 1, because for a slightly larger than 0.8, r must go negative, due to the effect of superradiance leading to the area growing (as mentioned in the introduction). Furthermore, as there are more decay channels due to the spin, one could expect the lifetime of these states to be considerably lower than in the non-spinning case. If we additionally define,
we can finally compare the influence of the spin by looking at the ratio Table 1 in reference [30] , while the lines are interpolations for demonstrative purposes.
again noting that r and F (a) must become negative for large a. In the particularly interesting range of 0.6 < a < 0.8, F (a) ranges from ∼ 3.5 to ∼ 5.5. This means, for the lowest value of α(= 4 ln 2) the natural line width can cause neighboring states to completely overlap. It seems likely, once one includes the effects of the black hole not being in a specific stationary state, the incoming radiation being thermal and other environmental effects, that only for considerably larger values of α it is plausible that neighboring states are well separated.
UsingJ we can find the ratio of δj to δn . For the same range it varies from ∼ 0.1α to ∼ 0.4α. If we expect the superradiant effects are not too strong (at least for the lower end of the interesting range) then one may still expect δj ∼ 1, which is true for most of the range 4 ln 2 < α < 32π at a = 0.6. We show F (a) in Fig.  1 , where one finds the maximum around post merger spins, while it changes sign for rapidly rotating black holes. That this must turn negative can be seen from Fig.  8 of ref. [30] , and is a consequence of superradiance.
DISCUSSION
Due to the lack of a fundamental theoretical framework, to estimate the width of the states one must make various assumptions: (0) area quantization is valid, (1) the energy of any given state is just its ADM mass, (2) the power output of spontaneous decays matches those of Hawking radiation, and (3) decays which significantly spin up the black hole are strongly suppressed. By including spin, we conclude that the states of black holes of astrophysical interest are very likely to strongly overlap. This is based on commonly proposed values for α. If this value is much larger, the states of astrophysical black holes could be well separated, but how this can be justified is unclear.
At this point we want to connect our results to the expected reflectivity of astrophysical black holes. The correct method to do this for high intensity classical waves is unclear. In [32] it is claimed that the reflectivity is independent of the spacing and widths of the states and described by a Boltzmann distribution. They arrive at this conclusion via three different calculations however, the assumptions used there seem to require additional justification. The first way they obtain their result is using the classical Einstein rate equations of a pure two level system with well separated states in thermal equilibrium. A solar mass black hole is in an extremely high state (n ∼ 10 76 ) and the nearby states are all evenly spaced. Additionally we have seen that there is likely significant overlap between them. Their second approach uses a near horizon approximation, whether this avoids trans-Planckian frequencies is unclear to us, if it does not including them would not be uncontroversial [44, 45] . That the dissipation should appear so simply in the tortoise coordinate in particular also seems to require some more motivation. Their final calculation imposes CP-symmetry and leads directly to topology changes. Given that we know CP-symmetry is not realized in nature, it seems odd to apply this to an extremely non-linear quantum gravity state. Recovering this infra-red, approximate symmetry in the quantum gravity regime seems unlikely. Taking the result that occupations are well described by a Boltzmann distribution at face value, the most occupied state would be the "minimal black hole" state which would be ∼ e 10 78 times more occupied than the solar mass black hole state.
We want to make one last comment on the prediction of absorption lines [26] . The pure quantum mechanical treatment of black holes, which predicts a discrete spectrum, does not include the influence of the effective potential for perturbations. This potential, as shown in the same work, will trap perturbations up to the lightring. It is known that the trapped frequencies are low, while high frequency waves are only once partially being reflected when approaching the would-be horizon. However, the series of echoes at later times is build up from the frequencies of the trapped-quasinormal modes (QNMs) and is therefore discrete. In order to see absorption lines in the echo signal, the QNM frequencies have to match the black hole state frequencies. This is in general not the case, which might make absorption hard to detect. However, the first reflection that includes the high frequency emission is more promising to look for absorption lines, because they are less influenced by the presence of the potential barrier.
Finally, we have seen that astrophysical black holes are unlikely to reflect in the most common area quan-
